Abstract: Fusarium mycotoxins, commonly present in corn and its derived products for animals, has caused significant economic impact on swine reproduction in the People's Republic of China. The objective of the present study, therefore, was to evaluate changes in mycotoxin contents and microbial diversity by conventional solid fermentation of a contaminated diet. Three diets were evaluated, as follows: control group, basal diet; test group 1 (25 Toxin), basal diet in which corn and corn gluten meal were replaced with 25% mycotoxin-contaminated corn and corn gluten meal, respectively; test group 2 (50 Toxin), basal diet in which corn and corn gluten meal were replaced with 50% mycotoxin-contaminated corn and corn gluten meal, respectively. Compound strains were used for solid-state fermentation of the compound feed. Under the present experimental conditions, conventional solid fermentation altered microbial diversity, as demonstrated by high-throughput sequencing of a Fusarium mycotoxin-contaminated diet, and the content of zearalenone (ZEA) was reduced significantly. However, deleterious effects were also observed with regard to the contents of deoxynivalenol (DON) and fumonisin B 1 (FUMB 1 ). These results may have implications for animals consuming Fusarium mycotoxin-contaminated food or feed by conventional solid fermentation.
Introduction
Feed and raw materials can easily grow mildew during processing, storage, and transportation (Ren et al. 2016; Davide and Angelo 2017) . Previous investigations have revealed that feedstuff for animals may be severely contaminated with mycotoxins (Moltó 2007; Palacio et al. 2016; Juan et al. 2017) , which can result in adverse reactions owing to the presence of exotoxin and endotoxin (Moretti et al. 2017) . Additionally, the generation of mycotoxins consumes the nutrients of the feed, leading to reduced nutritional quality (Abrunhosa et al. 2016) . Affected livestock and poultry usually exhibit a series of symptoms, such as poisoning, diarrhea, and impaired growth and reproductive performance, after ingesting mycotoxin-polluted feeds; death is also observed in severe cases (Gashaw 2016; Magnin et al. 2016) . Therefore, preventing mycotoxin contamination is an important issue in the feed industry.
A number of methods have been developed for detoxification, including physical detoxification, chemical detoxification, and adsorbent detoxification (Bata and Lasztity 1999; He and Zhou 2010; Jiang et al. 2010; Aiko and Mehta 2015) . However, most of these methods play roles in detoxification of mycotoxins in the laboratory or for the adsorption of a single toxin, and sufficient evidence is not available to determine whether the adsorbent takes up the nutrients and trace elements from the feed. Alternatively, microbial fermentation may be used as a novel detoxification method; however, little information is available regarding the effects of conventional solid fermentation on mycotoxin content and microbial diversity in a contaminated diet.
Therefore, in this study, the authors hypothesized that conventional solid fermentation could alter mycotoxin contents and microbial diversity of a Fusarium mycotoxincontaminated diet.
Materials and Methods

Strains and mycotoxin source
Lactobacillus (5 × 10 9 cfu g −1 ), yeast (4.6 × 10 9 cfu g −1 ), Diet preparation, experimental design, and mycotoxin quantification
As shown in Table 1 , the basic diet served as control treatment. The 100% Fusarium mycotoxin-contaminated diet was formulated by complete replacement of corn and corn gluten meal in basic diet with mycotoxincontaminated corn and corn gluten meal. The 25% Fusarium mycotoxin-contaminated diet (25 Toxin) and 50% Fusarium mycotoxin-contaminated diet (50 Toxin) were obtained from a mixture of the 100% Fusarium mycotoxin-contaminated diet and the basic diet at proportions of 1:3 and 1:1, respectively. Next, all test diets were prepared by blending with a certain proportion of the fermentation strains (Lactobacillus: 6.33 × 10 6 cfu g −1 , yeast: 1.05 × 10 6 cfu g −1 , and B. subtilis: 8.94 × 10 10 cfu g −1
). All diets were prepared in one batch and then stored in covered containers prior to testing. Representative feed samples were taken before and at the end of the experiment and analyzed for dry matter, crude protein, calcium (Ca), and phosphorus (P) (AOAC International 2012). In addition, mycotoxin analyses were performed by the Inspection and Quarantine Center of Shandong Entry-Exit Inspection and Quarantine Bureau (Shandong, People's Republic of China). The concentrations of the mycotoxins deoxynivalenol (DON) and aflatoxin B 1 (AFLB 1 ) were analyzed using high-performance liquid chromatography (HPLC) tandem mass spectrometry and fluorometry. HPLC and fluorometry were used to measure zearalenone (ZEA) and fumonisin B 1 (FUMB 1 ) levels. The detection limits for these mycotoxins were 1.0 μg kg −1 for AFLB 1 , 0.1 mg kg −1 for ZEA, 0.1 mg kg
for DON, and 0.25 mg kg −1 for FUMB 1 . The concentrations of the analyzed mycotoxins are shown in Table 1 .
Fermentation management, sample collection, and processing
All diets were tempered with water, and the final moisture content of the three experimental diets was 50%. Diets were encased in plastic barrels (435 mm diameter × 460 mm height) after mixing evenly, and the barrels were then sealed for fermentation at a temperature of 20°C-25°C. There were three treatments with eight replicates of six subunits each, and the total number of barrels was 144.
Samples on day 0 were collected immediately from one barrel for each replicate before the barrels were sealed. Sample collection was then carried out from different subunits (barrels) of each replicate on days 3, 6, 9, 12, 15, and 18 of diet fermentation. Specific sampling methods are as follows. Six parallel samples were obtained from the upper (20 cm below the top), central, and lower (20 cm above the bottom) section of each barrel in duplicate. The pH was determined immediately using a pH meter (PHB-10; Shanghai Shuangxu Electronic Co., Shanghai, People's Republic of China), and sensory evaluations were conducted. Two samples were collected from the mixture of the six parallel samples for each barrel in accordance with the quartering method. One sample was used for mycotoxin measurements, and the second sample was stored at −80°C immediately, until the microbial diversity and composition analysis.
Microbial diversity analysis DNA extraction and polymerase chain reaction (PCR) DNA in the fermented feed on day 18 were extracted using a Bacterial Genome DNA Kit (DN 11; Aidlab Biotech, Beijing, People's Republic of China). The extracted DNA was subsequently purified with AMPure XP beads (Beckman Coulter, Brea, CA, USA). A library was then prepared using PCR products with a TruSeq Nano DNA LT Library Prep Kit (Illumina, USA), and the libraries were quantified using a Quant-iT PicoGreen dsDNA Assay Kit (P7589; Biological Technology Co., Ltd., Shanghai, People's Republic of China). The 16S universal primers 520F (5′-barcode+GCACCTAAYTGGGYDTAAAGNG-3′) and 802R (5′-TACNVGGGTATCTAATCC-3′) were used for amplifying the 16S rRNA genes. A FastStart High Fidelity PCR System was used for PCR under the following conditions: 98°C for 30 s; 26 cycles of 98°C for 15 s, 50°C for 30 s, and 72°C for 30 s; and a final elongation step at 72°C for 5 min.
High-throughput pyrosequencing
The PCR products were purified by AMPure XP beads (Beckman Coulter). After the products were quantified, sequencing was performed using a Miseq Reagent Kit V3 (600 cycles) according to the manufacturer's instructions by a commercial sequencing facility (Illumina). After sequencing, operational taxonomic units (OTUs) were generated using the uclust method (Macias et al. 2011) , and the taxonomic Protein, calcium (Ca), and total phosphorus (P) were analyzed values, and the other nutrient levels were calculated values. assignment of OTUs was performed by basic local alignment search tool (Altschul et al. 1990) classifier.
Statistical analyses
Data were analyzed by one-way analysis of variance using SAS version 9.2. The data were first analyzed as a completely randomized design with the content of mycotoxins as a random factor to examine the overall effects of treatments. Orthogonal polynomial contrasts were applied to determine the linear responses to the fermentation time of each treatment. The significance of differences among treatments was tested using Duncan's multiple range tests, and results with P values less than 0.05 were considered significant.
Results
Fermentation pH
Changes in pH are shown in Table 2 . The pH (day 0) decreased significantly as the levels of Fusarium toxins increased (P < 0.001). However, compared with the control, the pH values of the two Fusarium toxins treatments were significantly increased (P < 0.001) on days 9, 12, 15, and 18; there were no significant differences between the 25 Toxin and 50 Toxin treatments on these days. The pH decreased linearly (P < 0.001) during the fermentation process, until the fermentation pH reached the equilibrium point at 12 d.
Changes in mycotoxin content
Effects of fermentation on mycotoxins content among different contaminated diets are shown in Table 3 . At all the measured time points, the levels of ZEA, DON, and FUMB 1 were significantly different across different treatments with highest in 50 Toxin treatment and lowest in control treatment (P < 0.001). In the presence of lactic acid bacteria (6.33 × 10 6 cfu g ) and with a fermentation temperature of 20°C-25°C and a dietary moisture content of 50%, the contents of ZEA decreased linearly (P < 0.05) during the fermentation process, whereas those of DON and FUMB 1 increased linearly (P < 0.05).
Microbial community overall diversity
Alpha diversity indexes were determined to evaluate the richness levels of bacterial and fungal diversity during the fermentation process (Table 4) . Compared with the control, no significant difference of the Chao 1, abundance-based coverage estimator (ACE), and Shannon indexes in both the 25 Toxin and 50 Toxin treatments were observed (P > 0.05). However, the Chao 1 and ACE decreased linearly (P < 0.05) as the dietary toxin contents increased.
Composition of the dominant bacterial communities
The sequences of bacteria were assigned to genera to determine the relative microbial abundance for each treatment (Table 5) . Lactobacillus, Acetobacter, Bacteroides, Enterococcus, and Zea were the core microbiome genera, accounting for 49.00%, 13.85%, 2.10%, 2.44%, and 2.26% of the total number of sequences, respectively. Compared with the control treatment, the 25 Toxin and 50 Toxin treatments showed significantly decreased percentages of Lactobacillus, Acetobacter, and Bacteroides (P < 0.05), and the percentages of Acetobacter and Bacteroides in the 50 Toxin treatment were significantly lower (P < 0.05) than those in the 25 Toxin treatment. However, compared with the control and 25 Toxin treatment, the 50 Toxin treatment showed a significant increase of the percentage of Enterococcus (P < 0.05). As the dietary toxin content increased, the percentages of Lactobacillus, Acetobacter, and Bacteroides decreased linearly (P < 0.05), whereas the percentages of Enterococcus and Zea increased linearly (P < 0.05).
Heatmap of observed species
The 50 most abundant OTUs were selected and used to create a heatmap (Fig. 1) . The heatmap showed that several OTUs were present in all stages of the fermentation process. Consistent with the results shown in Table 5 , Lactobacillus, Acetobacter, and Bacteroides were commonly observed in the control treatment, whereas Enterococcus and Zea were abundant in the 25 Toxin and 50 Toxin treatments. Note: Control was the basal diet. 25 Toxin and 50 Toxin were the basal diet in which 25% and 50% corn and corn gluten meal were replaced by mycotoxin-contaminated corn and corn gluten meal, respectively. Means within a row with different uppercase letters differ significantly (P < 0.05). Means within a column with different lowercase letters differ significantly (P < 0.05). SEM, standard error of the mean.
Discussion
Changes in pH and mycotoxin content pH is one of the most basic and important indexes reflecting the degree of fermentation. The present pH result decreased slowly as the toxin content increased. This could be related to the presence of moniliformin, which is usually present in the form of sodium and potassium (pKa = 0 + 0.05 -1.7), yielding a type of anionic acid, similar to inorganic acid (Kandler et al. 2002; Gao et al. 2012 ). Thus, it was reasonable that the pH was significantly higher on day 18 in the 50 Toxin and 25 Toxin treatments than in the control treatments. Li et al. (2009) found that lactic acid bacteria were capable of generating large amounts of lactic acid by fermentation of carbohydrates. Increased lactic acid contents in the fermentation feed and decreased pH have been also observed previously . The current study demonstrated that the pH (<4.5) of the control met the standard of qualified feed at the end of fermentation (Canibe and Jensen 2012) . The growth of Fusarium consumed a large amount of nutrients, resulting in decreased acid production during the fermentation process (Seefelder et al. 2002) and elevating the pH in the 50 Toxin and 25 Toxin treatments.
Fusarium toxins can lead to plant diseases and economic losses, and the contaminated food and feed can also affect the health of animals and humans. Previous studies have shown that B. subtilis ANSB01G can effectively degrade 89% of ZEA; the mechanism was thought Note: Control was the basal diet. 25 Toxin and 50 Toxin were the basal diet in which 25% and 50% corn and corn gluten meal were replaced by mycotoxin-contaminated corn and corn gluten meal, respectively. Means within a column with different lowercase letters differ significantly (P < 0.05). SEM, standard error of the mean. Note: Control was the basal diet. 25 Toxin and 50 Toxin were the basal diet in which 25% and 50% corn and corn gluten meal were replaced by mycotoxin-contaminated corn and corn gluten meal, respectively. a Chao1, by calculating the communities detected the singleton and doubleton of operational taxonomic units (OTUs), estimated actual community species. The greater Chao 1, the more rich the communities, initiated by Chao.
b ACE (abundance-based coverage estimator), the sequence within 10 OTUs are counted to estimate the number of species in community. The greater ACE, the more rich the communities, initiated by Chao. Simpson and Shannon index are also used to evaluate the microbial community diversity. Simpson index is more sensitive to evenness and dominance of OTUs in community; the greater Simpson, the less rich the communities, initiated by Simpson. Shannon index is more sensitive to community richness and rarity of OTUs; the greater Shannon index, the more rich the communities, initiated by Shannon. Note: Select the content of more than 2% of the microorganism as the core microbiome to carry out statistics. Control was the basal diet. 25 Toxin and 50 Toxin were the basal diet in which 25% and 50% corn and corn gluten meal were replaced by mycotoxin-contaminated corn and corn gluten meal, respectively. Means within a column with different lowercase letters differ significantly (P < 0.05). SEM, standard error of the mean.
to involve the binding of the phenolic hydroxyl treatment of the ZEA molecule to the γ-carboxyl treatment of glutamic acid, followed by hydrolysis of the lactone ring in the molecular structure, decarboxylation and reduction of carbonyl treatments, and ultimately removal of the water (Lei 2014) . Many proteases can be produced by Bacillus ZZ, and these enzymes are capable of DON degradation (Cheng 2010 ). The degradation rates of FUMB 1 by Lactobacillus plantarum B7 and Lactobacillus pentosus X8 at 37°C were 52.9% and 58%, respectively . In the present study, conventional solid fermentation could significantly reduce ZEA contents while enhancing DON and FUMB 1 contents. Previous studies have shown that the optimum humidity and temperature for DON and FUMB 1 production by Fusarium were 40%-50% and 5°C-25°C for DON and 40%-50% and 15°C-25°C for FUMB 1 (Samapundo et al. 2005) . Our findings were consistent with this previous study. However, further studies are needed to assess the mechanisms involved in these processes.
Microbial communities
The alpha diversity index was used to compare the richness and diversity of bacterial communities under each treatment. The species observed from the exponential dilution curve with testing depth increased gradually, but did not reach saturation. Although most bacteria were covered, some bacteria were not detected. A previous study showed that the relative abundances of the phyla Actinobacteria and Proteobacteria increased as the pH increased (Yun et al. 2017) . Another important study revealed that Alcaligenes (hydrolic bacteria) and Erysipelothrix (acidogenic bacteria) were enriched when the pH was equal to 10, while less acidogenic bacteria existed when the pH was equal to 4 (Yuan et al. 2015) . Previous studies indicated that B. subtilis (Cho et al. 2010; Lei et al. 2014) and Bacillus licheniformis (Yi et al. 2011; Fu et al. 2016 ) could degrade ZEA. Lactonohydrolase from Gliocladium roseum can convert ZEA into nonestrogenic compounds and promote the secretion of harmless metabolites (Takahashi-Ando et al. 2002) . Moreover, Clostridiales, Anaerofilum, Collinsella, and Bacillus could degrade DON, and these microbes could also be screened from chicken intestines using PCR-denaturing gradient gel electrophoresis (Yu et al. 2010) . Consistent with the percentages of shared core microbiota, the heatmap results for Lactobacillus, Acetobacter, and Bacteroides OTUs were characteristic in the control, and OTUs for Enterococcus and Zea were abundant in the 25 Toxin and 50 Toxin treatments. Our heatmap analysis results indicated that the number of beneficial microorganisms decreased linearly, whereas the number of harmful microorganisms increased linearly as the dietary toxin content increased. Although ZEA biodetoxification (Cho et al. 2010; Yi et al. 2011; Lei et al. 2014; Fu et al. 2016) , DON biodetoxification (Yu et al. 2010) , and Lactobacillus detoxification (Revillaguarinos et al. 2013 ) have been reported, further studies are needed to determine which bacteria degrade ZEA and facilitate accumulation of DON and FUMB 1 .
Conclusion
Under the present experimental conditions, conventional solid fermentation altered microbial diversity by high-throughput sequencing in the Fusarium mycotoxincontaminated diet, and the content of ZEA could be reduced significantly. However, these conditions also caused deleterious effects with regard to the contents of DON and FUMB 1 . Further studies are needed to determine the cellular and molecular mechanisms underlying the changes in mycotoxin contents and microbial diversity during the fermentation of mycotoxincontaminated diets.
